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ABSTRACT
Title of Dissertation: Research on Black Carbon Emission of Ships in Arctic and
Analysis of Emission Abatement Solutions

Degree:

MSc

Black carbon is the second largest cause of global warming after carbon dioxide. As
the application of Arctic Passages deepens, black carbon emissions from ships have
become a significant threat to the environment in the Arctic. This paper introduces
the definition and measurement methods of black carbon. Besides, through the
quantitative analysis of the influencing factors of the ship's black carbon emission,
the emission factor is clarified, and the calculation formula of the ship's black carbon
emission is derived from this. In this paper, based on AIS data, combined with the
"bottom-up" estimation method, a single ship BC emission dynamic calculation
model for different sailing conditions is established. Moreover, by referring to ships'
black carbon emission data, a regional ship black carbon emission inventory was
established, and visual analysis of the temporal and spatial distribution of the
emission inventory was carried out. Furthermore, in combination with the Arctic
waters' ship black carbon emission inventory, the characteristics of the current Arctic
route ship black carbon emissions are analyzed, and technical solutions are proposed.
The feasibility and effectiveness of the technical solutions are analyzed. Finally, this
paper points out feasible policy recommendations for ship black carbon emission
reduction, such as establishing Arctic ECAs and strengthening the Arctic HFO ban.
Key words: Arctic, Black carbon, emission factor, emission inventory, technical
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CHAPTER 1 Introduction
1.1 Background
1.1.1 Arctic waters and Arctic route definition
Intensified global warming has caused a rapid increase in the average temperature in
the Arctic waters and accelerated melting of sea ice in the Arctic waters. It is
expected that there will be no ice in the Arctic in summer in the next 15 years. This
means that the Arctic routes will change the existing shipping pattern to a certain
extent. However, due to the extremely fragile ecological environment of the Arctic,
with the opening of the Arctic Passage, the number of internationally navigable ships
is increasing day by day, and the potential environmental pollution caused by the
Arctic airway has attracted the attention of the international community. For example,
according to the study of Bryan Comer et al. (2017), two-thirds of the Black Carbon
(BC) emissions of Arctic shipping are derived from heavy fuel oil (HFO) used by
ships operating in the Arctic waters.

At present, IMO MEPC (PPR), Arctic Council's Marine Environmental Protection
Committee (PAME), and International Council for Clean Transport (ICCT) have all
researched BC emissions from ships in the Arctic. For example, IMO has included
BC in the fourth GHG research report of IMO, and it is juxtaposed with CO2, NOx,
SOx, etc. In addition, the European Union has formulated a separate shipping BC
emission control plan outside the IMO framework.

This paper uses the Polar Code released by IMO to define Arctic waters (Figure 1):
Arctic waters means those waters which are located north of a line from the
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latitude 58º00΄.0 N and longitude 042º00΄.0 W to latitude 64º37΄.0 N, longitude
035º27΄.0 W and thence by a rhumb line to latitude 67º03΄.9 N, longitude
026º33΄.4 W and thence by a rhumb line to the latitude 70º49΄.56 N and
longitude 008º59΄.61 W (Sørkapp, Jan Mayen) and by the southern shore of Jan
Mayen to 73º31'.6 N and 019º01'.0 E by the Island of Bjørnøya, and thence by a
great circle line to the latitude 68º38΄.29 N and longitude 043º23΄.08 E (Cap
Kanin Nos) and hence by the northern shore of the Asian Continent eastward to
the Bering Strait and thence from the Bering Strait westward to latitude 60º N as
far as Il'pyrskiy and following the 60th North parallel eastward as far as and
including Etolin Strait and thence by the northern shore of the North American
continent as far south as latitude 60º N and thence eastward along parallel of
latitude 60º N, to longitude 056º37΄.1 W and thence to the latitude 58º00΄.0 N,
longitude 042º00΄.0 W. (Polar Code, 2014&SOLAS Chapter XIV/1.3, 2014).

Figure 1- the Polar Code defines the Arctic waters
Source: Polar Code, 2014
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The Arctic route mainly has two Passages, the Northeast Passage and the Northwest
Passage (Figure 2, 3). The Northeast Passage refers to the maritime route that departs
from Europe and the North Atlantic Ocean and sails along the coastal waters of
Norway and Russia in the Arctic Ocean to the Pacific Ocean (Figure 2). Among them,
the navigability of the Northeast Passage is mainly determined by the Velikitsky
Strait, Shokalski Strait, and Novosibirsk Islands. The navigable time window of the
Velikitsky Strait is from early August to mid-October. It starts to freeze in late
October and completely frozen in November. During the navigable period, the
navigation of ships is not affected by ice floes. The navigable window of the
Sokalski Strait is from early August to mid-October. During this period, ice floes
may occasionally appear, which does not affect the navigation of ships. The
Novosibirsk archipelago includes two critical straits, namely the Dmitry Laptev
Strait and the Sannikov Strait. The navigation window of the Dmitry Laptev Strait is
from August to early October. During this period, there are no ice floes on the sea.
The navigation window of the Sannikov Strait is from mid-July to early October.
During this period, there will be a small amount of floating ice blown by the sea
breeze, which will have a specific impact on the ship's navigation.
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Figure 2- Northeast Passage of the Arctic Route

The Northwest Passage refers to a route starting from a specific location in Europe
and the North Atlantic Ocean and reaching the Pacific coast through the Passages of
the Canadian Arctic Islands (Figure 5). The core parts of the Northwest Passage are
McClure Strait, Viscount Melville Strait, Barrow Strait, and Lancaster Strait. The
navigation window of the McClure Strait is the ice-free period from late August to
the end of September. The navigation duration of Viscount Melville Strait is from
late August to the end of September. The navigation window of the Barrow Strait is
from late August to early October. There will be occasional ice floes on the sea
during this period, and ships can independently traverse the strait. The navigation
window of the Lancaster Strait is from early July to early October. During this period,
there are no ice floes, so ships can navigate smoothly.
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Figure 3- Northwest Passage of the Arctic Route

In summary, the waters of the Northeast Passage were from mid-July to the end of
October, and the waters of the Northwest Passage had almost zero sea ice density
during the period from mid-August to the end of September there was practically no
sea ice coverage. Ships can traverse the Arctic waters independently. At other times
of the year, crossing these two Passages requires ice-breaking navigation. From July
to October, ice floes covered only a few areas of the Northwest Passage (i.e.,
Maclure Strait, Viscount Melville Strait) with about 30 cm thick. Ships can sail
through the Arctic during this period to break the ice on their own; while in several
other areas During the month, the Northeast Passage and Northwest Passage are
covered by ice sheets with a thickness of more than 50cm, and icebreakers must be
escorted to conduct normal navigation.
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1.1.2 BC and Its Hazards
In the current research on BC, the definition of BC is not uniform and accurate. It is
widely acknowledged that BC is less than 1.0 in diameter μm, and BC is generally
regarded as coke, charcoal, soot, and highly concentrated polycyclic aromatic
hydrocarbons produced by incomplete combustion of organic fuels. In addition, it
also includes natural degradation residues of organisms and tiny organic debris.
Forest fires in nature or the combustion of fossil fuels produce a large amount of BC.
Given the definition, source, and influence of BC, the Institute of marine engineering,
science, and technology of the United Kingdom has put forward its definition of BC
to the International Maritime Organization (IMO) as follows:

BC is a kind of carbonaceous material with strong light absorption, which is a kind
of solid particles produced by incomplete combustion of carbon-based fuel.
According to mass calculation, BC contains more than 80% of carbon. When BC is
emitted, it will form spherical aggregates with an aerodynamic diameter between 20
and 50 nm. BC absorbs all visible wavelengths of solar radiation. The light
absorption intensity of BC varies with the composition, shape, size distribution, and
mixing state of the particles. Specifically, BC has the following physical properties: 1.
It is a kind of light-absorbing material, which strongly absorbs light through the
visible wavelength spectrum. 2. Fire resistant, keep its basic form at high temperature.
3. Insoluble in organic solvents such as water. 4. As an essential part of atmospheric
aerosol, it exists as a spherical polymer.
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Figure 4- BC
Source: (Winijkul et al., 2015)

Therefore, BC is a complex mixture. Due to the different definitions of BC, there is
some emphasis on the measurement methods. When analyzing BC, some
components are more or less "emphasized" or "ignored," resulting in significant
differences in the results, and the comparability between different measurement
methods is relatively poor. In addition, due to the vague definition of BC, it is not
easy to unify the quantitative standard of BC at present. Different reference materials
are used in quantitative analysis, which brings errors to the measurement of BC and
makes the measurement results questioned.

BC is a short-term climate forcing factor, and one of the second largest substances
that cause global warming only next to CO2. It is also harmful to human health.
According to the 5th assessment report of the Intergovernmental Panel on climate
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change in 2014, BC only stays in the atmosphere for several days or weeks. It is the
most vital light-absorbing component in the particulate matters and has the effect of
warming by absorbing heat into the atmosphere and reducing the albedo when
deposited on ice and snow. Hansen et al. (2004) showed that BC attachment could
reduce the reflectivity of glacier surface by 1.5% because BC has strong light
absorption, The absorption of short-wave radiation by Arctic snow is 5% - 10%
higher than that without BC. BC gradually sinks to the surface of the glacier and
absorbs the radiation reflected by the ice and snow to heat the surrounding air and
deposits on the surface of the ice and snow. Therefore, the ice and snow themselves
absorb more radiation, thereby reducing the albedo of the ice and snow, further
increasing the temperature and accelerating the melting of the ice and snow. In
addition, BC will also have an impact on the formation of clouds. BC in the cloud
layer absorbs solar radiation and heats the cloud layer atmosphere, leading to climate
warming.

In addition, as a short-term climate forcing factor, BC only stays in the atmosphere
for several days to several weeks compared with the residence time of GHG such as
CO2 for decades or even hundreds of years. Therefore, controlling BC emission is
much faster than controlling GHG such as CO2. Although there are still significant
uncertainties in BC measurement methods, the relationship between BC emission
and global warming and its climate effect still needs more experimental and
theoretical verification. However, because of the impact of BC on air pollution and
human health, IMO must take urgent measures to reduce and control its emission.
With the opening of the Arctic channel, the amount of BC emissions from ships in
the Arctic is increasing, and the emission space is relatively low. The warming effect
may accelerate the melting of Arctic Sea ice and accelerate Arctic warming. In
addition, BC in ship exhaust will also cause harm to the human body if it floats into
8

the atmosphere. In 2013, Air Pollution and Cancer published by the international
agency for cancer research listed BC as a 2B pollutant with high cancer risk.
1.1.3 Causes and measurement methods of BC emissions in ships
BC emissions of international commercial shipping account for about 1-2% of the
total global BC emissions. Due to the different fuel used, ships consume more
particles and BC per unit of fuel than burning fossil fuels. The BC of ship's discharge
has increased the incidence rate and mortality of human beings. The BC emission
level of vessels may be related to engine working conditions, engine type, fuel type,
fuel sulfur content, fuel characteristics, and other factors.
Due to the severe shortage of available data for shipping BC emission reduction
technology, all available data related to BC will be considered in this paper. Relevant
institutions and organizations can use BC measurement of ships for the assessment of
emission reduction technology. In recent years, IMO has paid more and more
attention to BC. IMO used filter smoke number (FSN), photoacoustic specialty
(PAS), laser-induced emission (LII) as the most suitable emission test method for
ships. FSN has the highest reliability and comprehensiveness among the three
measurement methods because of the specifications of iso8178-3 and iso10054 and
has been widely used by BC academic research group and the marine industry. IMO
is devoted to explore various effective measures for reducing BC emissions from
ships and then incorporate BC emissions into regulatory restrictions. Additionally,
BC emission legislation on Arctic routes is imminent.
1.2 Research Status of BC
In the early study of estimating shipping emissions, Eyring et al. (2005) analyzed 11
types of ships and estimated the total fuel consumption in 2005. Besides, a method to
9

calculate shipping fuel consumption was proposed in the third IMO greenhouse gas
(GHG) study in 2014. International Council on clean transportation (ICCT) proposed
a new method to calculate fuel consumption in 2017: dividing the carbon dioxide
intensity of a specific fuel by the total carbon dioxide emissions of a ship in one year.
Most of the research has used equations to establish the mechanism model of the fuel
consumption of ships. The quality of estimated output largely depends on the running
time of the marine engine, the engine's actual output power, and the accuracy of
specific fuel consumption (SFC).
In estimating GHG emissions from ships, the focus of research has always been the
accurate estimation of GHG emissions, and the estimation methods are generally
divided into two types according to international practice: bottom-up and top-down.
The top-down estimation method is a method that uses the total fuel consumption of
the ship multiplied by the emission factor based on fuel consumption to obtain the
GHG emission of the ship. It is a method to calculate the total emission without
considering the characteristics of the ship. The bottom-up estimation method
estimates the exhaust emissions of a single ship according to the engine power and
operation time under different ship navigation conditions and then obtains the ship's
GHG emissions. Because the bottom-up estimation method makes a more detailed
division of the ship's navigation state, the selection of emission factors is more
reasonable, and the accuracy is higher, which makes the estimation results of exhaust
emissions more accurate. The emission mechanism of BC is similar to that of other
pollutants from ships. Therefore, Relevant institutions and organizations can use the
bottom-up estimation method to measure the BC emission from ships. However, this
method needs numerous ship data and activity data, which is called AIS data for
short.
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According to the International Convention for the safety of life at sea (i.e., SOLAS),
from July 1, 2002, the sea-going vessels and all passenger ships with a total tonnage
of 300 tons or more must be equipped with AIS equipment. The AIS equipment
combines the dynamic information (i.e., Ship position, ground speed, true course,
etc.) and the static ship information (i.e., ship name, Captain, ship width, etc.) to the
ships and shore platforms in the nearby waters through VHF so that the ship and the
shore platform can timely grasp the activity data of all the vessels on the nearby sea
surface. These data are of great significance to the study of ship emissions. In recent
years, more and more scholars use AIS data in ship emission calculation and consider
that this can improve the accuracy of the calculation results. Jalkane et al. (2009) first
used AIS data in the Ship Traffic Emission Assessment model (STEAM) model to
estimate CO2, SOx, and NOx emissions in the Baltic Sea area. Because AIS data
contains detailed ship motion data, the calculation accuracy of ship emission has
dramatically improved, so this method is widely accepted.
Contemporarily ， IPCC(2014), Olmer et al. (2017), and Pavlenko et al. (2020)
studied major GHGs, such as CO2, CH4, O3 and N2O, respectively and discussed the
possibility of introducing BC into GHG. Besides, Olmer et al. (2017) pointed out that
BC is the second largest contributor to GWP emissions caused by ships, greater than
CH4 and N2O. In addition, Bond et al. (2013) found that BC is also a significant
cause of heart and lung disease in humans. Sharafian et al. (2019) have also shown
that BC emissions are related to the negative impact on climate change in vulnerable
Arctic waterss. Therefore, this paper regards it as the primary pollutant of potential
consequences of global warming.
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1.3 Paper Structure
Chapter 1 introduces the research background of BC emissions, mainly including the
definition and hazards of BC and the causes of BC produced by ships, and the
measurement methods of BC emissions. It also introduces the current research status
of the BC issue in the Arctic route and leads to the research significance of this paper.

Chapter 2 summarizes the researches on BC emission of international transport ships
sailing in the Arctic by IMO and other relevant international organizations and
research institutions in recent years. Besides, this chapter lists the appropriate BC
measurement methods. Through the study of ship factors related to BC emission, the
calculation formula of BC emission is obtained.

Chapter 3 analyzes and studies the shipping activity characteristics of the Arctic
routes, the method of identifying ship activity characteristics based on AIS and
establishes quantitative calculation models of ship BC emissions under different
activity scenarios. Then, through the ship BC emission calculation method based on
the classification of ship activity characteristics, a bottom-up ship’s BC emission
inventory model is established.
Chapter 4 puts forward and analyzes the feasible BC emission reduction technical
scheme and policy scheme based on the analysis of the existing ship BC emission
inventory model.
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Chapter 5 reviews the problems and objectives of the research in this paper,
summarizes the current situation of BC emission from ships, and puts forward the
corresponding BC emission reduction technical solutions and feasible policies.
Finally, because of the impact of shipping BC emissions on the deterioration of the
Arctic ecological environment, we call on the international community to integrate
marine BC emissions into the global comprehensive management system as soon as
possible.

1.4 Research Methods
1. Literature research. Through a large number of references to relevant international
analyses and studies, the definition and hazards of BC, the causes of BC produced by
ships, and the measurement methods of BC emissions are clarified. Moreover,
appropriate BC measurement methods and the calculation formula of BC emission
are analyzed.
2. Mathematical modeling. This paper studies and analyzes the characteristics of
shipping activities on Arctic routes, studies the method of identifying attributes of
ship activities based on AIS, and establishes a quantitative calculation model for ship
BC emissions under different activity scenarios. Then, according to the classification
of ship operational characteristics, a ship BC emission inventory model based on the
bottom-up estimation method was established to calculate Arctic routes' BC emission
distribution.
3. Countermeasures study. This paper studies the impact of the current international
mainstream BC emission reduction technology on the shipping market and related
industries, puts forward relevant countermeasures. Meanwhile suggestions combined
13

with the ship BC emission have been proposed in this paper.
CHAPTER 2 Current Calculation Methods for BC Emission
2.1 IMO research on BC emission
In recent years, IMO has initiated actions to define BC emissions from ships,
investigate their impact and formulate relevant measures. IMO established a
communication group during the 10th Bulk Liquids and Gases Subcommittee (BLG
10) meeting to discuss reducing ship particulate matter and expressly or implicitly
mentioned BC. At the 58th session of Maritime Environment Protection Committee
(MEPC 58) held in October 2008, Friends of the Earth International (FOEI)
submitted a document (MEPC 58/INF.21), which summarized and analyzed the
shipping industry’s significant impact on climate change emissions. Various methods
to reduce emissions of materials, pointed out the adverse effects of BC emissions
from the international shipping industry on Arctic climate change. At the MEPC 60
held in 2010, Norway, Sweden, and the United States jointly submitted a document
on the emission reduction of BC from ships in the Arctic. The document detailed the
origin of the BC problem, the shipping industry’s data on BC emissions, and its
impact on the Arctic climate. The effect of the environment has proposed methods to
prevent and control BC. When MEPC 61 was held, the BC issue was an independent
issue from other GHG problems.

At the 15th meeting of the sub-committee on bulk liquids and gases (BLG 15) held in
February 2011, the clean shipping Coalition (CSC) submitted a proposal (BLG 15 /
inf.5). Based on many previous studies, the proposal submitted an analysis on the
impact of BC emissions from the international shipping industry in the Arctic, drew
14

up a BC emission inventory, and an assessment report on BC information by the
expert committee. After that, CSC submitted a proposal on BLG 17, which mainly
reviewed the BC emission inventory of the Arctic waters and updated the specific
information on the melting of sea ice in the Arctic waters. The melting speed was
shocking and once again drew the industry's attention to the BC emission of the
shipping industry (BLG 17 / 10 / 2). At the same time, the proposal also introduces
the opening situation of the Arctic Sea channel since 2012, warning that with the
melting of ice and snow, more ships will be sailing in the Arctic channel, the risk of
BC emissions will further increase, and the climate and environment of the Arctic
will be further affected. This situation will form a vicious circle that reminds the
shipping industry to take further measures on BC emission. Then, on MEPC 62, CSC
continued to work with some non-governmental organizations to put forward
proposals to establish a work plan to reduce the BC emissions of the shipping
industry. MEPC 62 approved the work plan, put BC emission reduction on the
agenda, and set specific work content and goals to discuss this issue.

The 65th MEPC meeting held in May 2013 and the 1st meeting of the Pollution
Prevention and Response Subcommittee (PPR) (formerly BLG) held in February
2014 gradually agreed that the international shipping industry has little impact on
global BC emissions. Therefore, the consensus is that it is recommended to consider
the impact of BC emissions from ships sailing in Arctic waters rather than the global
shipping industry on the Arctic environment, and the BC issue needs to be carefully
promoted.
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In January 2015, the 2nd meeting of PPR reviewed Canada’s proposal on the
“definition and measurement method of black carbon” and decided to no longer
adopt a specific BC definition based on measurement methods but to adopt the
neutral and capable definition proposed by Bond et al. (2013). After that, the focus of
discussion among IMO member states turned to BC measurement methods:
comparing and analyzing multiple measurement methods and establishing a standard
to determine the most suitable measurement method. In February 2018, the 5th
meeting of PPR finally agreed to use the filter smoke quantity method (FSN),
photoacoustic spectroscopy (PAS), and laser-induced incandescence (LII) as the most
suitable method for measuring ship BC emissions.

After determining the working plan in MEPC62, the European Internal Combustion
Engine Association (EUROMOT) submitted a proposal to BLG 16, putting forward
an evaluation of ship BC emissions and available emission reduction measures. From
the perspective of the industry, EUROMOT proposed a solution to the BC problem.
Then on BLG 17, EUROMOT recommended (BLG17/10/1) to measure BC
emissions by filter smoke unit (FSN). This measurement method is a proven optical
measurement technology, and the measurement method has been standardized (ISO
8178-3 and ISO-10054). This method is simple and easy to implement and can be
used on ships. Norway also proposed possible control measures to use FSN values
 

to reduce the impact of BC emissions on the Arctic, which echoes the

EUROMOT measurement method.
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2.2 Measurement method of BC emissions from ships
For the different physical properties of BC, the measurement techniques adopted by
IMO are shown in Table 1. IMO regards FSN, PAS, and LII as the most suitable
measurement methods for ship BC emissions. Since FSN has ISO 8178-3 and ISO
10054 specifications, this paper regards FSN as the primary BC emission
measurement method. According to research (Wang Shun et al., 2021), The level of
ship BC emissions is related to factors such as engine operating conditions, engine
type, fuel type, fuel characteristics (cetane number), and other factors.

From ISO 8178-3 and ISO 10054, We can obtain the BC concentration of ship
engines through the calculation formula in the regulations. The calculation formula is:
1

= 0.405 ∙

Where

∙ 5.32 ∙

0.3062∙

（2-1）

BC is the mass of BC in each cubic meter of exhaust f mg/m3
FSN is the smoke value measured using the FSN method

Table 1- Comparison table of different physical properties and measurement methods of BC
Physical properties

Measurement methods

Measurement Principle

Strongly absorb visible light

FSN

thermal radiation
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Strongly absorb visible light

PAS

light absorption
(photoacoustic)

Refractory (evaporating
temperature is close to 2200℃)

LII

light absorption

2.3 Influencing factors of BC emission from ships
Ship BC emissions are related to shipping engine power, emission factors, load, and
proposed specific fuel consumption (SFC). According to the research of IMO and
ICCT, calculation methods and estimated values of the above-mentioned related
parameters can be obtained.
2.2.1 Emission factors
Many documents have measured the BC emission factors of various engines in the
laboratory or on ships, and these measurements include a large number of different
ships. Lack et al. (2009) used light absorption technology to measure the BC
emission factors of more than 100 ships operating in and around the Galveston Bay
and Houston shipping lanes. They classified the BC emission factors of the sampled
ships into engine type and ship type. In addition, an essential difference between
Lack et al. (2009) and previous studies is the additional analysis of the effects of
different ship fuels on ship BC emission factors. Finally, the difference in BC
emission factor value caused by the type of ship fuel was confirmed.

ICCT (2017) has developed a series of main engine BC emission factors for slow,
medium, and high-speed diesel engines in 2017. The evidence so far shows that the
BC emission factors of the shipping industry are mainly related to the type of engine
stroke (2-stroke). Or 4-stroke), fuel type (residual or distillate), and engine load (%).
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Figure 2 and Figure 3 show the relationship between BC emission factors (g BC/kg
fuel) and engine load (%) for 2-stroke engines operating on residual fuel, 2-stroke
engines running on distillate fuel, 4-stroke engines operating on Residual fuel, and 4stroke engines operating on distillate fuel. ICCT uses a series of BC emission factors
to explain the uncertainty. In addition to 2-stroke or 4-stroke engines, the BC
emission factors of other engine types (GT, ST, LNG-Otto, LNG-Diesel) are also
estimated. Table 2 details the BC emission factors of these hosts under different
engine loads.

Figure 5- The functional relationship between BC emission factor and engine load (2-stroke)
Source: (ICCT, 2017)
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Figure 6- The functional relationship between BC emission factor and engine load (4-stroke)
Source: (ICCT, 2017)
Table 2- BC emission factors of ship main engine under different engine load
Source: (ICCT, 2017)
Engine
Load
（%）

Engine Type

≤5

SSD/MSD/HSD

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85

SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD

Unit

HFO

Distillate

LNG

2-stroke

4-stroke

2-stroke

4-stroke

g/kg fuel

0.44

4.52

0.10

3.48

-

g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel
g/kg fuel

0.34
0.30
0.27
0.25
0.23
0.22
0.21
0.20
0.19
0.19
0.18
0.18
0.17
0.17
0.16
0.16

2.31
1.56
1.18
0.95
0.80
0.69
0.60
0.54
0.49
0.44
0.41
0.38
0.35
0.33
0.31
0.29

0.08
0.07
0.06
0.05
0.05
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.03
0.03

1.60
1.01
0.73
0.57
0.46
0.39
0.34
0.29
0.26
0.24
0.21
0.19
0.18
0.17
0.15
0.14

-
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-

90
95
100
ALL
ALL
ALL
ALL

SSD/MSD/HSD
SSD/MSD/HSD
SSD/MSD/HSD
ST
GT
LNG-Otto
LNG-Diesel

g/kg fuel
g/kg fuel
g/kg fuel
g/kWh
g/kWh
g/kWh
g/kWh

0.16
0.15
0.15
0.08
0.005
-

0.28
0.26
0.25
0.08
0.005
-

0.03
0.03
0.03
0.06
0.004
-

0.14
0.13
0.12
0.06
0.004
-

0.003
0.002

According to ICCT (2017) estimates and the fourth IMO GHG report, the BC EF
range is 0.20 to 0.30 g/kg fuel.

2.2.3 Proposition for Specific Fuel Consumption
The influence of fuel quality and type on BC emissions is more complicated than the
fuel relationship of other ships' exhaust emissions. Lack et al. (2011) pointed out that
as fuel quality improves, BC emissions will decrease. Besides fuel consumption is
based on the type of ship engine and its main fuel type. The following specific fuel
consumption (SFC) values were used in the fourth IMO Greenhouse Gas Study
(Table 3). These include revised SFC and new LNG fuel engines.

Different types of fuel have different energy densities. In the Fourth International
Maritime Organization Greenhouse Gas Study, the energy density of HFO, MDO,
and LNG fuel are assumed to be: HFO=40,200kJ/kg; MDO=42,700kJ/kg;
LNG=48,000kJ/kg. Unlike the third IMO greenhouse gas study in 2014, the energy
density of MeOH is assumed to be 19,900kj/kg. The difference in SFC between fuels
reflects the fuel's different energy density and the engine's efficiency.
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Table 3- Proposed Specific Fuel Consumption (SFC; g/kWh)
Source: the Fourth IMO GHG Study, 2020
Engine Type
SSD

LNG-Otto

Fuel Type
HFO
MDO
HFO
MDO
HFO
MDO
LNG

Before 1983
205
190
215
200
225
210
-

1984-2000
185
175
195
185
205
190
173

After 2001
175
165
185
175
195
185
156

(dual fuel, medium
speed)
LNG-Otto

LNG

-

-

148LNG+0.8MDO
(pilot)

LNG

-

-

LNG
HFO
MDO
LNG
HFO
MDO
LNG
HFO
MDO

305
300
340
320
285
225
210

156
305
300
340
320
285
205
190

135LNG+6MDO
(pilot)
156
305
300
203
340
320
285
195
185

MSD
HSD

(dual fuel, slow
speed)
LNG-Diesel (dual
fuel)
LBSI
Gas Turbines
Steam Turbines and
boilers
Auxiliary Engines
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LNG

-

173

156

The SFC of the main engine and the auxiliary engine can calculate the ship's fuel
consumption according to the engine power of the ship. We can describe the fuel
consumption (FCi) of the main engine and auxiliary engine using the following
formula in a specific period.
=

∙

Where

2

（

-

1

）

is ship i
is the working power of the ship engine in each period (kwh)
According to experiments, it is shown that the SFC of the main engine is also related
to the load of the main engine. Therefore, if it is considered that the load of the main
engine will change with different activity states when sailing in the ice area, we
should introduce the load of the main engine of the ship for calculation. The
empirical equation is as follows:

,

Where
,

=

∙ (0.455 ∙

2

− 0.710 ∙

+ 1.280)

(

2

-

is the revised SFC of the main engine of ship i

is the loading of the main engine of the ship in each period, from 0 to 100%
at this time
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2

)

,

Where
,

=

∙

,

(

,

2

-

3

)

is the fuel consumption of the main engine of the ship per period

For the auxiliary engine, considering that its fuel consumption is almost unaffected
by its loading, there is no need to introduce the Auxiliary engine's loading for
calculation. Therefore, its fuel consumption is calculated only based on the power of
the auxiliary engine and its SFC value. The formula is as follows:
,

Where
,

=

∙

(

,

2

-

4

)

is the fuel consumption of the ship’s auxiliary engine per period

2.4 BC emission calculation formula
According to the Black Carbon Report issued by ICCT 2017 and the Fourth IMO
GHG Study, the BC emissions of ships mainly related to the incomplete combustion
of the fuel of the ship's main engine, auxiliary engines, and boilers. According to the
different activity states of the ship, the power of each engine is different, so the
calculation formula of single ship BC emission is simplified as
=

Where:

=
((
=0

,

∙

, ,

+

,

∙

,

t = time (operating hour, h)
k = engine type
m = fuel type
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) ∙ 1ℎ

(2-5)

l = main engine load factor
p = phase (cruise, maneuvering, anchor, berth)

BC = BC emissions (g) for one ship

= main engine fuel consumption (kg) for one ship at time t

,

, ,

= main engine BC emission factor (g/kg fuel), which is a function of engine

type k, fuel type m, and main engine load factor l
,

= auxiliary engine power demand (kW) in phase p for one ship at time t
,

= auxiliary engine BC emission factor (g/kWh) for engine type k and main

fuel type
CHAPTER 3 Establishment of BC emission inventory for ships
3.1 Research area and objects
3.1.1 Research area
The research area used in this paper is the Arctic waters and Arctic routes defined in
Chapter 1. However, because a large area of the Arctic waters is covered by sea ice
all year round, the area available for ships to navigate is limited. With the melting of
snow and ice, the Northeast route, Northwest route, and other coastal waters can
satisfy the navigation requirements of ships. Therefore, the research area of this
paper is mainly concentrated in the navigable waters of the Arctic waters, that is, the
Arctic route.
3.1.2 Data collection of international voyage ships on Arctic routes
Most ship activities in the Arctic waters are in summer and autumn, and ship activity
data mainly comes from AIS data. These AIS data are the data transmitted by the
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ground AIS base station and the satellite AIS base station in the Arctic waters that are
jointly received by all ships equipped with AIS devices in the area. AIS base stations
are generally built-in high-density traffic areas, such as the total coverage of ground
base stations along the coast of Russia, Canada, and the Siberian Islands. Through
the ship’s AIS data, we can determine the ship’s activity status, and the BC emissions
of a single ship can be calculated from this.
3.2 Ship parameters
The establishment of the ship BC emission calculation model bases on complete ship
input parameters, including engine power, emission factor, load, SFC, operating time,
etc. We can directly extract the operating time of the ship from AIS data, and the
other four parameters need to be determined according to different standards.
Chapter 2 analyzes the process of obtaining engine power, emission factor, load, and
SFC.
3.2.1 Characteristics of ships sailing on Arctic routes
When a ship is sailing in an ice region, the ice layer will break and break under the
ship's pressure, and the average value of the reaction force of the ice layer on the ship
in the lateral direction is called ice resistance. The two common types of sea ice in
the ice area are floating ice and flat ice. Different ice causes different ice resistances
to ships. Because of the big difference between ice navigation and general water
navigation, the research and establishment of the ship's discharge model for polar ice
navigation need to consider the ship's ice resistance.
3.2.2 Ship engine power estimation model
The degree of sea ice coverage in the Arctic waters changes over time, and the
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resistance of ships sailing in ice-free waters and broken ice waters is also different.
Therefore, the estimation model of ship main engine power should be divided into
two situations: no ice Navigating in waters and ice areas.

The main engine provides power for the navigation of the ship. However, not all the
mechanical power generated by the engine converts into thrust, and part of it is lost
when the transmission rotates the propeller. According to the principle of dynamics,
the power of ship motion equals to the product of the propeller thrust in the
horizontal direction and the instantaneous speed. Therefore, the output power of the
engine can be estimated by estimating the ship's resistance during navigation, and
then using the propulsion coefficient of the propeller, Introduce the instantaneous
mechanical power of the engine. Based on the above theory, combined with the
analysis of the ship's force, a model for estimating the power of the ship's main
engine can be established.

,

=

2

=

3

,,

3

1∙

=

2∙

+ 4.4

= 6.917

2

−0.8267

ℎ

−
ℎ

2

2

(

(

3

-

1

)

(

3

-

2

)

3

-

Where

Pi,j is the effective power of engine type i under water type j conditions
C is the propulsion coefficient, the value is 0.5

27

3

)

R1 and R2 are open water resistance and total ship resistance, respectively
V is the ship speed, R3 is the conventional open water resistance
I is Froude number of ice, ρis ice density, ｇis the acceleration of gravity
B is the width of the ship, h is the ice thickness, and D is the density of broken ice.
Among them, the total resistance of the ship in the broken ice zone is the sum of the
open water resistance and the fractured ice resistance. Ship speed and ship width data
can be obtained directly from the AIS database and Lloyd's Register of Shipping data.
In addition, parameters such as ice thickness and broken ice density can be obtained
through actual ice data statistics.

The power of the ship's auxiliary engine can refer to IMO's Energy Efficiency Design
Index (EEDI). Considering that the auxiliary engine needs to provide more heat
when navigating in the Arctic waters, according to navigation practice, the auxiliary
engine power needs to be multiplied by a correction factor of 1.275, which is：
=

Where

0.05
0.025

< 10
≥ 10

(

3

-

4

)

is the rated power of the ship's main engine
3.2.3 Ships’ AIS data
AIS refers to a new navigation aid system used in maritime safety and
communication between ship and shore and between ship and ship. It can
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automatically exchange important information such as ship position, speed, ship
name, and call sign. The AIS installed on the ship can pass dynamic information such
as the precise position, course, speed (vector line), turning speed and distance of the
nearest ship of the own ship and other ships, and static information such as ship
name, call sign, ship type, ship length, and ship width. VHF broadcasts automatically
and regularly. In addition, ships equipped with AIS equipment within the VHF
coverage area (20 nautical miles) can automatically receive this information. The
time interval between the two pieces of information will automatically decrease as
the ship's speed increases. If the ship is maneuvering, the AIS system will further
reduce the information interval. For example, the information interval is a few
minutes when the ship is in port or anchored, and the information interval is two
seconds when the ship is traveling at high speed. Moreover, AIS can be connected
with radar, ARPA, ECDIS, VTS, and other terminal equipment and the Internet to
form a maritime traffic control and surveillance network.
The Fourth IMO GHG Study 2020 followed the method used in the third study
(Figure 4), based on the ship technical parameters in the IHS database and the
shipping activity data in the AIS data, combined with the main ships under different
navigation and operation modes. The fuel consumption assumptions and various
emission factors of energy-consuming equipment are used to estimate the emissions
of individual ships in each segment, and then add up to obtain the total annual
emissions of a single ship, and then summarize the global fleet and ships of different
types and tonnage ranges—annual emissions.
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Figure 7- Quantitative calculation model of ship BC emissions under different activity scenarios
based on ship AIS
Source: (IMO, 2020)

3.3 Calculation of BC emission from ships
Analyze and study ship activity characteristics, study the identification method of
ship activity characteristics based on AIS, and establish quantitative calculation
models of ship exhaust emissions under different activity scenarios based on this.
Based on the calculation method of ship emissions based on the classification of ship
activity characteristics, the regional ship exhaust emission inventory calculation
method based on AIS is established.
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3.3.1 Ship’s BC emission model
The marine engine power is obtained by matching the Maritime Mobile Service
Identity (MMSI) with the databases of China Classification Society and Lloyd's
Register of Shipping, and the missing engine power is calculated through the relevant
engine power estimation model. According to the ship's sailing speed to identify the
ship's sailing status, we can combine it with the engine EF and load factors under
different operating conditions researched by IMO. Besides, We can establish a single
ship emission model under different sailing conditions through AIS's ship activity
feature identification method. After that, by analyzing the emissions of all ships in
the region, the regional ship emission inventory is established according to the needs.
Figure 5 combines the AIS data and the detailed ship information in the ship
registration to model ship activities and BC emission and distributes the results
geographically to form the basis for the navigation activities of the Arctic fleet. The
AIS-based modeling method is based on the record of each position of the ship. In a
given area and period, the emission volume (E) of any substance can be calculated in
the model by applying the following formula:
=

ℏ

(3-5)

,

E represents the emission of a specific substance from a single ship i in the time and
space interval related to a single AIS position message x.

The quantification of

,

is carried out by combining a single AIS position message,

detailed ship information and related supporting data.
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Figure 8- BC emission modeling framework based on AIS

According to formula (3-5), it can be grouped and summarized according to ship
characteristics, and ships can be divided into different types for calculation: container
ships, bulk carriers, oil tankers, cruise ships, etc.

For a given geographic area and period, BC emissions are calculated as follows:
=

Where
,

(3-6)

+

respectively represent the amount of pollutants (kg pollutants) discharged by

ship i to the main engine (Me) and auxiliary engine (Ae).

=

Where

,

=

(3-7)

,
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is the amount of pollutants emitted by the main engine related to the ship i and

,

the AIS position information x (kg pollutants)

is the host emission factor of a given pollution type for a given ship i (g

pollutants/kg fuel)

,

is the fuel consumption (kg fuel) of the main engine related to the ship i and the

AIS position message x.

=

,

(

∆

Where

3

-

8

)

is the installed power of main engine installed on ship i (kWh)

is the fuel consumption rate (SFC) of the main engine of the ship i (kg
fuel/kWh). According to the formula (2-) in Chapter 2, the relationship between the
SFC of the main engine and the main engine loading can be obtained:
=

∙ (0.455 ∙

2

− 0.710 ∙

+ 1.280)

∆ is the time between AIS location information x and message x-1 (h)
Similarly：

,

=

=

,

=

∆

(

,

3
(

3

-

9
1

)
0

)

Under normal circumstances, the operational status of the ship's power equipment is
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different when the ship's navigation status is different, so the BC emission
characteristics are also different. According to the ship's AIS information, the ship's
status can be divided into three types: on-going, anchoring, and berthing operations,
and we can calculate the ship's BC emission according to the status.

(1) Status in sailing
When the ship is underway, the main engine and auxiliary engine of the ship are in
working condition, and the following calculation formula is used：
=

∙

where

∙

∙

（3-11）

,

is the emission of BC from ships, g；
is the ship engine power, kWh
is the engine type
l is the ship’s loading；
T is the operating time of the ship under equipment i
,

is the emission factor of BC under the i-th power equipment operating

condition, g/kW·h

The calculation formula of ship main engine loading is as follows：
=

where

/

3

（3-12）

AS is the actual speed of the ship while sailing, knots, the data is derived from the
ship’s AIS information, is the actual ship speed, knots

MS is the ship's maximum speed while sailing（knots），which can be obtained by
multiplying by 1.064 based on the shipping speed provided by Lloyd's Maritime
Database. Ship power equipment operating time data comes from ship AIS
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information, and emission factor data can be selected regarding the fourth
Greenhouse Gas Research Report issued by IMO.

（2）Status in anchored
When the ship's speed is less than 1kn, it is considered that it is at anchor. When the
ship is at anchor, the main engine is regarded as not working, and only the auxiliary
engine and the boiler are in working condition. The calculation formula is as follows:
=

where，

×

×

,

+

×

,

（ 3 - 1 3 ）

×

Ei is the i-th type of ship waste emission;；
Pa 、 Pb are the power of auxiliary engine and boiler respectively
Ta 、 Tb are the working hours of auxiliary engine and boiler respectively
EFa , P 、 EFb , P are the emission factors of auxiliary engines and boilers, respectively.

（3）Status in berthing operation
When the ship is berthing, the main engine does not work, and the auxiliary engine
and boiler work. At the same time, if loading and unloading operations use ship
loading and unloading equipment, we should also calculate the power consumption
and BC emission. The calculation formula is as follows:

=

where，

∙

∙

,

+

∙

,

∙

+

∙

,

∙

is the power for ship loading and unloading equipment；
is the working time of ship loading and unloading equipment
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（3-14）

,

is the emission factor of shipboard loading and unloading equipment.

3.3.2 A case study of BC emission from one ship
In 2016, the Chinese ship "Yongsheng" sailed through the Arctic waters, which took
about 224 hours. See Table 4 for its ship parameters and navigation information.
Therefore, this paper takes "Yongsheng" as the case study object to verify the ship's
BC emission model. Based on the AIS database (Table 5), use the established BC
emission model to calculate the BC emissions during the period when the ship was
sailing on the Arctic route.
Table 4- Ship parameters and navigation information
Ship's name

Yong Sheng

voyage

Ship length

Ship width

voyage time

（m）

（m）

（h）

159.95

23.7

224

Tianjin-Glasgow

Table 5- Ship AIS data
MMSI

RO

Send time

T

Longitud

Latitude

e

CO

True

SO

Navigati

Receiving

Time

G

headi

G

on status

time

11.

0

14700119

16:14:

72

45

14700119

16:15:

73

05

14700119

16:15:

77

36

ng
……
4772656

0

00
4772656

0

00
4772656
00

0

14699816

151.6997

75.8667

275.

85

2

6

7

14699817

151.6979

75.8668

275.

05

97

14699817

151.7364

75.8658

275.

36

25

15

2

281

4
281

7

36

11.

0

4
282

11.
4

0

……
4772656

0

00
4772656

0

00
4772656
00

0

14703240

98.26244

77.5227

259.

03

5

75

8

14703240

98.26452

77.5228

259.

12

3

5

3

14703240

98.26681

77.5229

259

81

8

42

262

11.

0

1
262
261

11
11

0
0

14703297

15:20:

50

03

14703297

15:20:

59

12

14703297

15:21:

60
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Source：AIS database

Then, select the EFBC (Table 2) determined in Chapter 2, and calculate the BC
emission discharged by the ship is 130.63kg.
3.3.3 Establishment of BC emission inventory for ships
Emissions inventory usually refers to the total emissions of one or more specific
greenhouse gases or air pollutants emitted by all emission sources in a specific
geographic area within a specific period. After obtaining the BC emissions of all
ships in the region, we can establish a regional ship BC emissions inventory. Its
function is to help understand the total BC emissions and the contribution rates of
different types of emission sources, then precisely identify the main emission sources.
The steps to build the list include:
1) Delimit the boundary of the research area and screen out the ships in the area as
the research object;
2) Identify and classify ship activity characteristics in the study area based on the
ship's identification code, speed, and ship navigation status extracted from AIS data,
and classify ship type, flag state, engine type, and navigation status at the same time ；
3) Based on AIS data and relevant information in the ship information database,
analyze the ship's activity level, including sailing time, engine power, loading and
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voyage, etc.;
4) Analyzing the operating characteristics, fuel consumption characteristics, and BC
emission characteristics of energy-consuming equipment such as the main engine and
auxiliary engines of the ship under different activity characteristics, and select the
corresponding emission factors;
5) Calculating the BC emissions of a single ship by using the established model for
calculating BC emissions;
6) Based on the calculation method of single ship BC emissions, establish a regional
ship BC emissions inventory and further obtain the ship emission sharing rate based
on the type of ship, based on sailing status, and based area.
Due to research conditions, this paper cannot obtain AIS data for all ships on all
Arctic routes. Therefore, this paper takes Winther et al. (2014) and Comer et al.
(2017) as examples to show the BC emission inventory of the Arctic waters in 2012
(Table 6, Figure 9) and 2015 (Table 7), respectively. Based on this, the spatial
distribution of BC discharged by ships in the Arctic waters in 2012 (Figure 11) and
2015 (Figure 12) can be obtained. Furthermore, since different studies have different
definitions of Arctic waters, it is necessary to pay attention to the differences in their
study areas.
Table 6- Fuel consumption and BC emission for the inventory area (north of 58.95N).
Ship type
Fuel (kt)
BC (t)
Crude oil tanker
101
35
Oil products & chemical
291
102
tanker
Ro–ro passenger ship
614
215
Gas tanker

35

12

Container ship

236

82

General cargo ship

346

121

38

Bulk carrier

176

62

Ro–Ro cargo ship

145

51

Passenger ship

293

102

Fast ferry

2

1

Support ship

164

57

Other ship

106

37

Fishing ship

2020

707

Grand total, excl. fishing

2508

878

Grand total

4528

1585

Source: Winther et al. (2014)

Figure 9- Shares of fuel consumption (by mass) and BC emission per ship type in 2012
Source: Winther et al. (2014)

Table 7- BC emissions in the Arctic waters, 2015

HFO

Ship class

BC emissions(t)

% of total BC emissions
(%)

General cargo
Oil tanker
Fishing ship
Cruise
Bulk carrier
Service ship
Refrigerated bulk
Chemical tanker
Container

131
34
22
16
13
10
9
8
8
7

68
17.7
11.6
8.0
6.9
5.3
4.8
4.2
4.1
3.4

39

Ferry-ro-pax
1
0.4
Tug
1
0.4
Passenger ferry
1
0.4
Ro-ro
1
0.4
Offshore
0.4
0.2
Other
0.1
0
Vehicle
0
Liquefied gas tankers
0
Yacht
Distillate
485
32
LNG
<<1
0
Nuclear
Total
1,453
100
Source: Comer et al. (2017) Prevalence of heavy fuel oil and BC in Arctic shipping, 2015 to 2025.

Figure 11- Spatial distribution of BC emissions for all ships and for fishing ships in 2012
Source: Winther et al. (2014)

Source: Comer et al. (2017) Prevalence of heavy fuel oil and BC in Arctic shipping, 2015 to 2025
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Figure 12- BC emissions (tonnes) above 59° N latitude in 2015

According to the spatial distribution map of BC emissions, it can be seen that BC
emissions from ships are concentrated on two main routes in the Arctic waters, and
these concentrated areas are consistent with ships’ customary Passages. Therefore,
the IMO can delimit the Emission Control Area (ECA) above waters to reduce BC
emissions from ships.

CHAPTER 4 Analysis of BC emission abatement solutions
4.1 Comparative analysis of BC emission abatement solutions
As one of the six working groups of the Arctic Council, The Protection of the Arctic
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Marine Environment Working Group (PAME) released the Arctic Shipping Status
Report (ASSR) in 2020, which provides the overall trend of Arctic shipping from
2013 to 2019 information. PAME counts the number and trajectory of different ships
in the Arctic area (Figure 13, Polar code area) from 2013 to 2019, that is, only the
number of times different ships enter the area (if the same ship enters the area
multiple times, only one time is counted). In general, the total number of ships
entering the Arctic waters during the six years has increased by 25%, and the total
mileage has increased by 75%. In addition, PAME also pointed out that the growth of
Arctic shipping is directly accompanied by the rapid decline of Arctic sea ice. In the
past ten years, the extent of Arctic sea ice has continued to decrease, from 5.3×106
km2 in 2009 to 4.3×106 km2 in 2019.

Figure 13- The trajectory of ships sailing in the Arctic (Polar code area) in September 2019
Source: PAME. (2020). Arctic Shipping Status Report.

In the Arctic waters, BC has the effect of reducing the albedo of sea ice and snow,
and it also heats the cloud atmosphere, leading to climate warming. In addition, with
the increase in BC emissions, more open waters will be formed, which will further
reduce the albedo in the area and accelerate the melting of Arctic glaciers. Therefore,
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we need to pay special attention to the emission and deposition of BC. With the
opening of the Arctic routes, the emission and deposition of BC in the Arctic will
increase. Comer et.al. (2020) showed that as of 2019, BC emissions in the Arctic
have 356 tons (Figure 14). The melting of Arctic glaciers will bring longer
navigation times and more navigable waters. Although more BC emissions increase
the feasibility of Arctic ship routes, the increased BC emissions will continue to
deteriorate the Arctic environment and cause damage to human health. Therefore, it
is urgent to take measures to control BC emissions.

Figure 14- HFO use and BC emissions (tones) in Arctic waters from 2015 to 2019
Source: Comer et al. (2020). IMO Proposed Arctic HFO Ban: Likely Impacts and Opportunities
for Improvement.

Lack and Corbett (2012) pointed out that BC emissions increase under low engine
load, and ship speed, fuel quality, and exhaust gas washing may significantly impact
BC emissions. Compared with ordinary marine HFO, most low-sulfur fuels can be
used as a suitable solution for BC emission reduction, but Very-Low Sulfur Fuel Oil
(VLSFO) is just the opposite. A 2019 study by Finland and Germany indicated that

43

BC emissions have a positive linear relationship with the aromatics content of marine
fuel. Because VLSFO contains a high proportion of aromatic compounds, it will
significantly increase BC emissions. According to research on BC emission reduction
technologies by relevant IMO member states and research institutions (Table 7),
alternative fuels such as liquefied natural gas (LNG) fuel, distillate oil, Water in Fuel
Emulsions (WiFE), methanol fuel, and biofuels can significantly reduce BC emission.
In addition, we can install Diesel Particulate Filters (DPF) and desulfurization
devices to solve the problem of BC emission reduction from the perspective of
exhaust gas treatment. Finally, we can also use electric propulsion ships to replace
existing ships that use fuel.
Table 7- Comparative analysis of BC emission reduction technical solutions
Source: IMO. PPR 5/INF.7, 2017. &IMO. PPR 6/7, 2018.
Technical solutions
LNG

BC emission
reduction effect
93.5%

feasibility

Precautions

Newbuilding: High
Existing ship: low
High
Insufficient data

Insufficient filling facilities

Distillate oil
WiFE

33%
70%

Methanol fuel

97%

All biofuels

62.5%

Newbuilding: High
Existing ship:
Medium
High

20% biofuel

20%

High

DPF

85%-99%

Desulfurization
device

37.5%-45%

Newbuilding: High
Existing ship:
Medium
High

Risk of resident fuel conversion
Need more experimental
research
Insufficient supply and filling
facilities
Insufficient supply; regulatory
uncertainty
Insufficient supply; regulatory
uncertainty
Space limitations for ship
modification and waste storage;
Back pressure problem
Space limitations for ship
modification and waste storage

However, at present, research on BC emission reduction technical solutions is still
immature, and some research projects have even reached opposite conclusions. For
example, the SEA-EFFECTS BC project in Finland concluded that switching the
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electronic control host from residual oil to distillate oil and installing an exhaust gas
cleaning system has limited effects on improving BC emissions, which is
inconsistent with the conclusions in the above technology. COSCO SHIPPING
Special Transportation Co., Ltd. also stated that the research on BC emission
reduction technology is still insufficient, and some BC emission reduction measures
will increase the failure probability of ships, such as the clogging of particle traps
and the use of clean fuel, and distillate, and the conversion zone. Furthermore, due to
the lack of emergency support in Arctic waters, it is difficult to provide timely and
effective maintenance and support in equipment failure.

Moreover, the proposals submitted by Finland and Germany in PPR 8 introduced the
final results of single-cylinder 4-stroke medium-speed research engine BC
measurement activities, aiming to analyze the impact of fuel quality on BC emissions
and detailed analysis VLSFO used by the engine. VLSFO is the general term for
marine fuels (excluding marine gas oil) with a maximum sulfur content of 0.50%.
Since the introduction of the IMO global sulfur limit, their popularity has increased
rapidly. According to experience, most VLSFOs are mixed products, and they are
very different from each other. Some have very low viscosity, similar to distillate
fuels, while others are very similar to traditional high-viscosity heavy fuel oil
products, and most of the VLSFO are somewhere in between the former two
products. The molecular structure of these new fuels also affects their storage and use.
Finally, the correlation between the BC measurement method PAS and FSN is
determined. In addition, it is determined that the formation of BC is mainly
controlled by the aromatic content and the hydrogen-carbon ratio (H/C) of the fuel
and cannot be compensated by engine settings. Because the aromatic components of
VLSFO fuel are mainly harmful polycyclic aromatic hydrocarbons (PAHs). To
reduce the BC emissions of international shipping and its impact on the Arctic, it is
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necessary to limit the aromatics content or H/C ratio in marine fuels. Regarding the
BC emission reduction bill, some delegations believed that the BC emission problem
has seriously affected the Arctic ice and climate and should be acted upon
immediately. However, most delegations thought that a reasonable BC emission
reduction bill should be based on scientific methods and data accumulation. For
example, China and some representatives objected that the proposal was only
measured on four-stroke engines, and most engines are two-stroke engines. These
delegations believe that further research is needed to introduce the results of more
representative fuel samples and analyze the influence of engine type, maintenance,
load, size, and other parameters on the determination of BC emissions. They also
believe that the H/C ratio may be inaccurate and inefficient. Given the diversity of
marine engines, setting limits will be problematic, and incorporating the H/C ratio
into the ISO8217 framework will mean a lot of additional costs compared to the
existing indicators measured in the ISO8217 specifications.

4.2 Technical solutions for BC emissions reduction
In this section, five possible technical solutions of reducing BC emission will be
provided as follows:
1) Forbidden ships to use residual fuels such as HFO and change to distillate fuels.
2) Using liquefied natural gas (LNG) as the primary fuel.
3) Install scrubbers on ships.
4) Ships use DPF.
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4.2.1 Forbidden ships to use residual fuels such as HFO and change to distillate
fuels.
In 2016, MEPC 70 passed the "Sulfur Restriction Order," that is, starting from 2020,
the sulfur content of fuel oil used by ships worldwide shall not exceed 0.5%, which
also fundamentally restricts ships from using heavy fuel oil in the Arctic. In addition,
MEPC 72 finally agreed to instruct PPR to formulate a heavy fuel ban based on
assessing the impact of ships' use and carrying heavy fuel on Arctic waters and
gradually advancing it following a suitable timetable. Then, MEPC 75 approved a
ban on the use and transportation of heavy fuel in the Arctic waters to minimize the
possibility of fuel leakage in the Arctic and reduce carbon emissions. The ban is
expected to take effect in July 2024. In addition, the ban stipulates that the five
coastal countries in the central Arctic, namely Russia, Norway, Denmark (Greenland),
Canada, and the United States, can exempt ships flying their flags and ships
operating in their sovereign waters until July 1st, 2029.
The Protection of the Arctic Marine Environment Working Group (PAME) has been
closely involved with the work at IMO related to Arctic shipping, including
consideration of the impact of emissions of BC and development of measures to
reduce risks associated with the use of HFO as fuel in Arctic shipping. Combustion
of HFOs emits high levels of air pollutants, often including BC. However, while
recent research has shown some differences in BC emissions from switching from
HFO to distillates such as Marine Gas Oil (MGO), the impacts are subject to research.
Table 2 shows that burning distillate fuel emits less BC than residual fuel. In addition,
Litehauz et al. (2012) pointed out that if all ships using surplus fuel switch to
distillate fuel, the total BC emissions of ships will be reduced by 45%. However,
Finland and German's proposal PPR 8/5/1 (2019) pointed out that fuels with high
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aromatic and low hydrogen content such as VLSFO would harm BC emission
reduction, approximately 40-70% higher than in the emission of HFO The use of
VLSFO in the Arctic route needs further research to prevent the BC emission
reduction expectations being unreachable. In addition, it is necessary to prohibit the
use of desulfurization residual fuel because ship operators may use residual fuel
mixture or desulfurization residual fuel to reduce costs. Unfortunately, compared to
high-sulfur residual fuels, these fuels may not reduce BC emissions much.

Converting fuel to distilled fuel is a simple alternative, which reduces BC emissions
from ships and meets IMO's requirements for sulfur content in fuel oil. In addition, it
is worth noting that when operating with distillate fuels such as MGO, always pay
attention to the additional requirements that MGO places on marine equipment.
MGO is a kind of low-sulfur distillate produced by processing crude oil through
distillation and other processes. Most turbine managers often ignore the adverse
effects of low viscosity, low flash point, and low lubrication on marine equipment.
When using MGO, on the one hand, to increase the purification effect, it is necessary
to increase the inlet temperature of the oil separator, generally not exceeding 40°C.
On the other hand, to reduce the leakage of the oil pump and the wear of the coupling
parts, it is necessary to reduce the fuel temperature as much as possible and increase
its viscosity and lubricity. These two points are contradictory in management. At this
time, an additional MGO cooling system (Figure 15) needs to be installed to achieve
a constant MGO temperature, which makes its viscosity relatively stable, and then
maintains the regular operation of the equipment.
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Figure 15- MGO cooling system

4.2.2 Use LNG as fuel for ships
According to IMO fourth GHG studies, BC emissions from LNG fuel are minimal.
Therefore, the usage of LNG as fuel by ships will provide huge BC emission
reduction potential. At present, more and more ships use LNG as their primary fuel.
Compared with other traditional fuels, LNG has many advantages such as strong
cleaning ability, green environmental protection, and ample storage capacity. It not
only has substantial environmental benefits but also has relatively high economic
efficiency. Through many practical studies, it has been found that LNG and diesel
hybrid ships are more energy-efficient than diesel-only powered ships, which can
reduce the cost by about 20% to 25%, and in terms of maintenance, the cost of LNG
and diesel hybrid ships It is also smaller than diesel ships. It can be seen that, based
on the advantages of LNG, making it a marine power fuel is the primary
development trend of the shipping industry just around the corner.
The engines used in LNG-powered ships are usually modified or newly built. The
modified engine is in the "mixed combustion mode," but the newly built engine has
two modes: "mixed combustion" and pure LNG. Due to the current regulatory and
economic constraints, it is impossible to update the ship engines on Arctic routes
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quickly. In addition, most of the dual-fuel engines in the "mixed combustion" mode
use the manifold air intake facility, and only a few models use the branch multi-point
injection. At the same time, in the actual modification process, to effectively control
its cost, the previous fuel supply pipeline system is usually retained, and the internal
structure of the prototype machine will not be changed. However, the supply system
and gas control system are installed in the traditional On the model, and it will be
debugged and calibrated until the dual-fuel can be combusted smoothly. However,
after conducting relevant inspections and trial operations, this simple modification
method found that the emissions of ship exhaust and BC have not been reduced. This
modification method did not allow the value and role of LNG fuel to be fully realized.
Not only that, LNG will often have escape problems, mainly because the traditional
gas distribution phase of the engine in the form of manifold intake has not changed,
and CH4 will inevitably escape. This problem will not only increase the emissions of
ship exhaust but also cause unnecessary waste.

Since most ships need to replace or modify their engines and fuel systems to use
LNG, this is an unavoidable challenge for the popularization of LNG-powered ships
on Arctic routes. Although the price difference between MGO and liquefied natural
gas is relatively small, it will significantly increase shipping costs, whether it is to
transform or build a new ship engine. The construction of bunkering stations has also
restricted the popularization of LNG-powered ships because the development of the
shipping market in recent years has not been ideal, and shipping companies have
specific financial pressures, and there are no excess funds to invest in LNG projects.
As a result, some LNG-powered ships that have undergone renovation and new
construction have to slow down their progress, and some have stopped directly. In
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addition, attention should also be paid to minimize methane leakage in ship engine
work engineering because CH4 is also a potential warming pollutant.
4.2.3 Installation of exhaust gas purification system (scrubber)
In order to meet the new global 0.5% fuel sulfur standard in 2020 and Emission
control areas (ECAs) exhaust emission standards, cruise ships are currently required
to install scrubbers. Other ships that use high-sulfur residual fuels (such as HFO) will
also install scrubbers to treat ship exhaust in the near future them. Lack et al. (2012)
showed that the installation of exhaust gas cleaning systems, such as scrubbers, on
ships could reduce ships' BC emissions by approximately between 30%to70%, which
depend on SFC.
Comer et.al. (2020) estimated the emission factors of ships using HFO and scrubbers
compared to other fuels. Regarding air emissions(Table 7), They found that scrubbers
can significantly reduce sulfur dioxide emissions, but the emissions of carbon
dioxide and BC when using HFO and scrubbers are significantly higher than when
using MGO.
Table 7- Relative emissions change after the scrubber when using HFO (2.6% S) compared with
other fuels
Source: Comer. (2020). Air emissions and water pollution discharges from ships with scrubbers.
Comparison
SO2(%)
CO2(%)
BC(SSD) (%)
BC(MSD)
(%)
HFO (2.6% S) + scrubber
HFO (2.6% S)
-98
+2
-9
-11
VLSFO (0.50% S)
-90
+4
MGO (010% S)
MGO (0.07% S)

-52
-31

+4
+4

+353
+353

+81
+81

Moreover，according to ICCT statistics, from 2015 to 2019, heavy oil emissions in
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the Arctic have increased by 85%, of which the use of heavy oil by tankers has
increased by 300% (Figure 14). Therefore, MEPC approved a ban on the use and
transportation of heavy fuel in the Arctic waters to minimize the possibility of fuel
leakage in the Arctic and reduce GHG emissions. The actual usage of scrubbers will
depend on future regulatory and economic conditions. If we can fully implement the
ban on using and transporting heavy oil in the Arctic waters, the role of scrubbers
will not be necessary.

4.2.4 DPF installation
We can use DPF to reduce BC emissions. At present, marine diesel engine particulate
matter emission control technology is in a stage of rapid development. According to
the control stage, it can be divided into pre-treatment technology, in-engine
purification technology, and post-treatment technology. DPF is a post-processing
technology, which is currently known, both at home and abroad, as the most effective
technology to control particulate emission for diesel engine. The working principle of
DPF is to capture particulate matter in exhaust gas through processes such as
collision and adsorption, inertial interception, diffusion interception, and gravity
sedimentation, and then use burners, catalysts, etc. to decompose and burn so as to
achieve the purpose of reducing diesel particulate matter emissions and efficiency It
can be as high as 90%. DPF technology has significant market application prospects.
The main problem is that as the trapping process continues, the deposited particulates
will gradually increase, blocking the carrier and causing the exhaust backpressure to
rise. Therefore, the device must remove the trapped particulates regularly, which is
called DPF regeneration.
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DPF can significantly reduce BC emissions. Some studies have shown that DPF can
reduce BC by 70% to 90%. Johansen (2015) showed that even when using HFO,
using DPF can reduce PM by 80% to 92%. The use of DPF can reduce BC by 70% to
90%. Although DPF can be used with HFO in some cases, when it is used with
higher quality distillate fuels, the fuel has lower sulfur and ash content and produces
fewer impurities, so DPF is more likely to perform well as Currently there is no
international convention or proposal that mandates the use of DPF in international
shipping. Therefore, the actual application of DPF may be limited to port ships,
ferries, and other domestic ships.
4.3 Feasible policies to reduce BC emissions from ships
4.3.1 Expand or establish more ECAs
Controlling the sulfur content of ship fuel is an effective means to reduce the
emissions of sulfur oxides and particulate matter during the operation of ship engines.
It is also the primary control method for ship air pollution currently adopted at home
and abroad. According to International Convention for the Prevention of Pollution
from Ships (MARPOL), IMO has established four emission control areas in North
American waters, the Caribbean waters of the United States, the North Sea waters,
and the Baltic waters (Figure 16). In addition, the European Union has established an
ECA in European maritime areas, and the United States has an ECA in California. By
stipulating different fuel sulfur content standards for ships inside and outside the
emission control area, the emission of atmospheric pollutants from ships can be
reduced. In October 2016, IMO decided to advance the implementation of fuel oil
with a sulfur content of not higher than 0.5% for ships sailing outside the emission
control area in the world in 2025 as required by MARPOL Annex VI to 2020. Within
the emission control area, the sulfur content of fuel oil used by ships shall not exceed
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0.1%. This decision has a great impact on the global shipping industry. Shipowners
or operators need to decide whether to use low-sulfur fuels such as liquefied natural
gas (LNG) or install alternative equipment such as exhaust gas cleaning systems. The
oil refining industry must also make active responses, such as whether it can ensure
that sufficient quantities of compliant fuel are available. In addition, how to supervise
the fuel use of ships sailing outside the emission control zone, especially when ships
sailing on the high seas, should be considered.

Figure 16- Geographical coverage of existing IMO ECAs

In order to deal with BC emissions from Arctic ships, it is necessary to implement an
emission control area system in Arctic waters following the provisions of the
MARPOL and include ports and traffic-intensive Passages in the Arctic waters under
the jurisdiction of the IMO ECAs. Ships navigating in the waters shall comply with
the corresponding regulations. IMO needs to learn from the experience of the four
emission control zones that have been established to reduce air pollutants from ships,
and at the same time cooperate with the Arctic Council to carry out BC emissions
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reduction actions for Arctic maritime ships under the framework of the Arctic
Maritime Black Carbon Emission Reduction Agreement. Besides, regional
cooperation is also essential because the implementation of the Arctic ECA system
involves the interests of critical maritime countries inside and outside the Arctic and
involves the game between international trade development and environmental
protection. Efficient regional actions may sometimes even be better than long-term
pending IMO policy. In addition, although BC’s emissions have solid regional
characteristics, they should not be limited to analyzing its impact on the Arctic
waters but should also consider its impact on port areas and Passages in other parts of
the world. As a critical role for BC emissions in the Arctic, the shipping industry
must do more. With the increase of Arctic shipping, there is an urgent need for more
relevant countries to adopt the ECA system, especially the countries along the Arctic
and the high-latitude countries in the north.

4.3.2 Prohibition of using residual fuel
Residual fuels, including HFO, residual fuel mixtures, and desulfurization residual
fuels, may be banned globally or in Particularly Sensitive Sea Area (PSSA). In
Antarctica and some waters around the Svalbard Islands in the Arctic Ocean in the
Norwegian National Park, the use and transportation of HFO have been banned. The
IMO discussed the risks of HFO in the Arctic, which may indicate the ban on the use
of HFO in the Arctic in the future. Banning the use of HFO in the entire Arctic
requires an international agreement through the IMO, but other regions or
governments, such as the European Union or individual countries, can ban the use of
HFO in their waters.
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In February 2020, the IMO reached an agreement on a draft prohibiting the use and
transportation of HFO at sea. Although the ban will begin to apply in July 2024, the
exemptions and exemptions contained in the ban will allow some ships to use HFO
before July 2029. Comer pointed out that the proposed ban will only eliminate 30%
of HFO transportation and 16% of HFO use in 2019, which will reduce BC
emissions by only 5%. In addition, if ships re-flag to Arctic countries like Russia to
be eligible for exemption, and the ban's effectiveness will be further weakened. If the
exemptions for internal waters and territorial seas are canceled, 70% of HFO
transportation and 75% of HFO use will be banned, and BC emissions will be
reduced by 22%. However, if the impact of fuel prices is taken into account (Table 8),
the mandatory prohibition of the use of residual fuel in Arctic waters will
significantly increase the cost of the shipping industry, which is not conducive to
economic development.
Table 8- Fuel prices
Source: Clarksons Research services. (2021). LNG Trade and Transport.

Date
Nov-2012
Dec-2012
Jan-2013

MDO Bunker
Prices,
Singapore

HSFO 180cst
Bunker Prices
(3.5% Sulphur),
Singapore

MGO Bunker
Prices,
Singapore

HSFO 380cst
Bunker Prices
(3.5% Sulphur),
Singapore

$/Tonne
930.20
925.25
939.75

$/Tonne
624.60
620.88
647.13

$/Tonne
937.50
940.00
945.00

$/Tonne
605.00
606.38
634.13

4.3.3 Develop a national maritime BC emission reporting system
In order to achieve its BC and methane emission reduction targets, the "Black
Carbon and Methane Emission Reduction Action Framework" formulated by the
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Arctic Council in 2015 implements the BC emission reporting system. As of March
2016, all Arctic Council members, eight observer countries, and the European Union
have submitted reports to the Council. These reports are not standard emission data
sheets, but comprehensive reports containing mitigation measures, project
descriptions related to the Arctic, cross-border cooperation examples, and best
practices. Although the reports submitted by the eight observer countries and the EU
are not as detailed as the Arctic Council member countries, this action does represent
an important step for observers to play a more inclusive role in the Council. Given
that Asian countries account for 43% of the Arctic BC emissions, it is essential to
include Asian countries in this process.

The BC report adopted by the Arctic Council has two advantages: First, it reflects the
influence of the Arctic Council on observers. The BC emissions from the member
countries of the Arctic Council account for only one-third of the warming impact of
BC in the region. The inclusion of other countries in the framework may promote
technology transfer and better coordinate national policies under relevant
circumstances. Second, the Arctic Council can coordinate BC emissions reports with
the Gothenburg Protocol. The Arctic Council allows these countries to submit "the
same report they submitted to the Convention on Long-distance Transboundary Air
Pollution" to the Council Secretariat, which can avoid duplication of reports and
reduce the burden on the domestic agencies responsible for compiling and
transmitting data. The maritime BC emission reporting system under the framework
of the "Arctic Maritime Black Carbon Emission Reduction Agreement" shall be
formulated by the International Maritime Organization and the Arctic Council
following the guidelines in Annex B of the "Framework" document. IMO or other
international organizations should set up a particular BC emission management
agency or department and require the shipping companies of each member country to
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submit an emission report approved by the verification agency to the flag state
administration every year. Then, the flag state authority shall comply with the
agreement. The framework submits the country's total emissions report to the
competent authority. The contents of the shipping company report include basic
information about shipping companies and ships, ship's EEDI, current BC emissions
summary with future forecasts, and monitoring methods. The flag state's report to the
agreement's competent authority should also include a summary of national actions,
national action plans or industry emission reduction strategies, best practices or
lessons learned in critical sectors, Arctic-related projects, and another climate, health,
environmental, and emissions Information on the economic impact of mitigation.
4.3.4 Formulate ship BC emission standards
At present, some countries and IMO have formulated SO2, NO2, and Particular
Matter(PM) standards as pollution control strategies. Similarly, IMO or member
states can also set BC emission standards. The BC emission standard can be applied
to sensitive ecological areas (such as the Arctic or coastal Passages) and even to all
ships. For example, the United States, the European Union, and China have issued
PM limits for ships. These countries can also set clear limits on BC emissions from
ships if they recognize the hazards of BC emissions to the environment and human
health.
In addition, ship operators can use the technical solutions provided in this paper to
reduce BC emissions. With the rapid development of international shipping,
technology and operational means are no longer sufficient to reduce greenhouse gas
emissions from international shipping, so market-based measures have emerged.
Market-based maritime emission reduction mechanisms can encourage the
international maritime industry to improve energy efficiency and provide financial
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incentives. The IMO and the governments can use corresponding incentive
mechanisms to reward shipowners and operators who take the initiative to limit BC
emissions from ships. IMO should make full use of the existing relatively mature
technology and operating mechanism, combined with the current progress in
international maritime emissions reduction negotiations, and establish market-based
measures that meet the requirements of maritime development to achieve substantial
fairness. The governments and relevant international organizations can establish an
international marine emissions trading system, impose an international marine vessel
fuel tax, and establish an international maritime ship emission fund. In addition, the
comprehensive strategy for reducing GHG emissions from ships formulated by the
IMO aims to reduce GHG emissions from ships. It can incorporate ship BC
emissions into the comprehensive ship GHG emissions strategy and promote BC
emission reduction technologies and policies. Starting in 2019, IMO began to collect
fuel consumption data from most commercial ships to estimate the GHG emissions
of these ships. At the same time, fuel consumption data can also be used to estimate
BC emissions, providing more accurate information for the IMO ship GHG emission
reduction strategy. Due to its special and fragile ecological environment, the Arctic
region has higher environmental protection requirements for shipping. Therefore,
IMO should promote the application of mature BC emission reduction measures for
ships to Arctic shipping. Finally, governments can facilitate the transition to clean
technologies by investing in alternative fuel infrastructure.
4.3.5 Improve the access mechanism for ships on Arctic routes
Newer ships have new high-quality engines, and their engine SFC is quite different
from that of older ships and emits less BC than older ships. The service life of ships
is very long, and most ships have a lifespan between 25 and 35 years. In addition,
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since most of the new emission regulations are introduced for new ships, old ships
will not be able to comply with the requirements of the relevant regulations unless
they are effectively modified. For example, by promoting ship scrapping and
implementing port state control, China restricts old ships from entering the country’s
ports, encourages the use of high-standard new-built ships and refitted ships, and
ultimately achieves the goal of reducing ship pollution.
4.3.6 Mandatory use shore power
Promoting ship scrapping and implementing port shore power can significantly
reduce the total emissions of air and climate pollutants, and the extent of the
reduction of pollutants or GHG depends on the source of electricity. Connecting
shore power at the port can greatly reduce BC emissions from berthing ships. When a
ship is docked at the wharf, in order to maintain electricity demand for operating
communications, lighting, air conditioning, etc., electricity generation is required. In
the past, ships would use their own fuel to generate electricity and generate certain
noise and exhaust emissions such as sulfur and oxygen compounds. Since 2017, the
Shenzhen Port in China has fully used low-sulfur oil when ships call at the port,
reducing exhaust emissions and environmental impact with the continuous
development of the world's environmental protection policies. However, this does not
completely solve the noise and exhaust emissions. At this time, terminal shore power
came into being, replacing traditional ship fuel-fired power generation with clean
electricity. The ship's shore power system means that when the ship is docked, the
ship's self-provided auxiliary generator is stopped, and the land power supply is used
to supply power to the main shipboard system. In order to maintain the production
and life needs during the ship's docking operation at the port, it is necessary to start
the auxiliary generator on the ship to generate electricity to provide power, which
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will cause a large number of harmful substances to be discharged. Besides, the
auxiliary engine of the ship also emits BC when it is working. If the ship uses the
shore power system as the power source for the auxiliary system during berthing, it
will greatly reduce pollutants such as BC during berthing. At present, shore power
access technology has been used successively on international sailing ships such as
cruise ships, container ships, and bulk carriers. Many large ports worldwide, such as
China's Shenzhen Port, have also begun to provide shore power. Therefore, it is
possible to force ships sailing on Arctic routes to use shore power when calling at
ports to reduce the emission of BC and other pollutants.
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CHAPTER 5 Summary and Conclusions
The development and utilization of the Arctic are not only related to the coastal
countries of the Arctic but also the future of humanity. The gradual prosperity of the
Arctic Passages is irreversible, but the hazards caused by BC emissions from ships
should also attract the attention of the shipping industry. How to effectively measure
the BC emission value of ships to accurately calculate the BC emissions of ships on
the Arctic route is a problem that needs to be studied urgently. For international
organizations such as IMO, the Arctic Council, and ICCT, it is necessary to select
appropriate BC measurement methods to formulate BC emission control measures.
In this paper, by analyzing the principles of different ship BC measurement methods,
FSN is selected as the primary measurement method of ship BC emissions. In
addition, through the quantitative analysis of the influencing factors (EF, loading, and
SFC) of BC emissions from ships, the calculation method of BC emissions from a
single ship is determined.

Besides, based on the characteristics of ships sailing in the Arctic waters, this paper
established a ship power estimation model, combined with AIS data, and established
a single ship BC emission dynamic calculation model for different sailing conditions.
Due to the lack of sufficient AIS data for ships on the Arctic route, this paper only
performs calculations for the "Yong Sheng" vessel. In addition, by analyzing the
existing BC emission data in Arctic waters, a regional ship BC emission inventory
was established, and the emission inventory was visualized based on spatial
distribution.
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Moreover, this paper establishes a BC emission inventory of ships in Arctic waters,
analyzes the characteristics of current BC emissions from ships and combines
existing ship exhaust emission control measures, and puts forward feasible technical
and policy solutions. Based on the study of the impact of BC emission reduction
measures on shipping-related industries, such as operating costs, the BC emission
control countermeasures are analyzed. In addition, this paper puts forward the
problems and challenges in ship BC emission reduction measures, points out the
research direction of ship BC emission, and lays the foundation for IMO to formulate
BC emission reduction policy scientifically.
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